125 I = iodine-125; FFN = freedom from necrosis; GTR = gross-total resection; LFFP = local freedom from progression; MRI-1, first postoperative MRI; OS = overall survival; RPA = recursive partitioning analysis; SRS = stereotactic radiosurgery; UCSF = University of California, San Francisco; WBRT = whole-brain radiotherapy. OBJECTIVE Stereotactic radiosurgery (SRS) with or without whole-brain radiotherapy can be used to achieve local control (> 90%) for small brain metastases after resection. However, many brain metastases are unsuitable for SRS because of their size or previous treatment, and whole-brain radiotherapy is associated with significant neurocognitive morbidity. The purpose of this study was to investigate the efficacy and toxicity of surgery and iodine-125 ( 125 I) brachytherapy for brain metastases. METHODS A total of 95 consecutive patients treated for 105 brain metastases at a single institution between September 1997 and July 2013 were identified for this analysis retrospectively. Each patient underwent MRI followed by craniotomy with resection of metastasis and placement of 125 I sources as permanent implants. The patients were followed with serial surveillance MRIs. The relationships among local control, overall survival, and necrosis were estimated by using the Kaplan-Meier method and compared with results of log-rank tests and multivariate regression models. RESULTS The median age at surgery was 59 years (range 29.9-81.6 years), 53% of the lesions had been treated previously, and the median preoperative metastasis volume was 13.5 cm 3 (range 0.21-76.2 cm 3 ). Gross-total resection was achieved in 81% of the cases. The median number of 125 I sources implanted per cavity was 28 (range 4-93), and the median activity was 0.73 mCi (range 0.34-1.3 mCi) per source. A total of 476 brain MRIs were analyzed (median MRIs per patient 3; range 0-22). Metastasis size was the strongest predictor of cavity volume and shrinkage (p < 0.0001). Multivariable regression modeling failed to predict the likelihood of local progression or necrosis according to metastasis volume, cavity volume, or the rate of cavity remodeling regardless of source activity or previous SRS. The median clinical follow-up time in living patients was 14.4 months (range 0.02-13.6 years), and crude local control was 90%. Median overall survival extended from 2.1 months in the shortest quartile to 62.3 months in the longest quartile (p < 0.0001). The overall risk of necrosis was 15% and increased significantly for lesions with a history of previous SRS (p < 0.05). CONCLUSIONS Therapeutic options for patients with large or recurrent brain metastases are limited. Data from this study suggest that resection with permanent 125 I brachytherapy is an effective strategy for achieving local control of brain metastasis. Although metastasis volume significantly influences resection cavity size and remodeling, volumetric parameters do not seem to influence local control or necrosis. With careful patient selection, this treatment regimen is associated with minimal toxicity and can result in long-term survival for some patients. ■ CLASSIFICATION OF EVIDENCE Type of question: therapeutic; study design: retrospective case series; evidence: Class IV.
B
rain metastasis is the most common intracranial tumor and is found in approximately 30% of all patients with cancer at autopsy. 17 Resection can prolong survival in select cases, but subsequent radiation is required to reduce the rate of local recurrence and neurological death. 13 Stereotactic radiosurgery (SRS) is often chosen for postoperative radiation of resection cavities, but it has limited efficacy in the setting of large or recurrent lesions and is associated with an increased risk of radionecrosis when used for large lesions. 12, 20, 22 Wholebrain radiation (WBRT) can further reduce the risk of recurrence at the resection site and distantly, but it seems to have no impact on overall survival (OS) and is associated with significant neurocognitive morbidity.
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Because of these conflicts, therapeutic options for patients with large or recurrent brain metastases are limited. Permanent brachytherapy after resection for the treatment of both newly diagnosed and recurrent brain metastases that may be unsuitable for SRS has been associated with high rates of local control. 5, 7, 9, 14, 18, 23, 24 Temporary brachytherapy for brain metastases has been reported also, and although this technique can have dosimetric advantages, permanent implantation is preferable logistically, and there are no data available to suggest that their outcomes differ. 4, 10, 11, 15, 16 Iodine-125 ( 125 I) is most commonly used for permanent intracranial brachytherapy, but this isotope has come under criticism because of its relatively long half-life (59.4 days) and for concern that resection cavity remodeling over time might impair local control and promote radionecrosis. 3, 19 Indeed, the rate of radionecrosis with permanent 125 I brachytherapy for brain metastasis has been reported to be as high as 23%. 9 As a result of these concerns, suture-stranded cesium-131 has been prospectively investigated in a limited number of patients, and the initial results have been encouraging. 23 The purpose of this study was to investigate the safety and efficacy of resection and permanent 125 I brachytherapy for both newly diagnosed and recurrent brain metastases in a large cohort of patients with extended follow-up to better characterize the outcomes and generalizability of this treatment.
Methods

Patient Characteristics
A total of 95 consecutive patients with 105 brain metastases treated at the University of California, San Francisco (UCSF), between September 1997 and July 2013 were identified retrospectively for this analysis, which was approved by the institutional review board. Patients who were undergoing craniotomy for resection of large or recurrent brain metastases were considered for brachytherapy by a multidisciplinary team consisting of a neurosurgeon and a radiation oncologist. Given the retrospective nature of this study, inclusion criteria were heterogeneous and varied with patient-and operation-specific conditions. Our results with fractionated radiosurgery or repeat SRS for large lesions previously treated with resection and SRS were disappointing. 20 As such, our institutional preference is for resection and permanent 125 I brachytherapy in patients with large brain metastases and otherwise minimal disease burden. As a consequence, this series included metastases up to 76 cm 3 . On the opposite end of the spectrum, 1 subject received brachytherapy for a 0.2-cm 3 metastasis that was easily accessible by the same craniotomy site used to access an 11.6-cm 3 metastasis, which also was treated with brachytherapy.
Treatment Characteristics
Each patient underwent preoperative MRI followed by standard craniotomy with maximal safe resection of metastasis and placement of permanent 125 I sources into the resection cavity (Oncura, GE Healthcare). The rate of necrosis in an initial report of short-term outcomes from 40 patients within this cohort was 23%, which in 2005 prompted more consistent usage of lower-activity sources. 9 During the later era, our experience taught us that placement of ≤ 0.73-mCi sources 6-10 mm apart achieves adequate target coverage. In all patients treated before 2005 (55% of the lesions), sources were secured in place with fibrin glue. From 2005 to the present, sources were inserted end-on into the brain tissue and secured in place with Tisseel (Baxter). Postoperative stereotactic CT for dosimetric calculations was completed in 89 patients within 24 hours of surgery. In brief, 125 I sources were identified and marked on each slice by a medical physicist (D.K. and S.E.G.) and a radiation oncologist (D.R.R.) using MIM software, and the prescription was determined based on source activity, calibration date, and implantation date. The extent of resection was scored as gross total (no evidence of residual disease on postoperative MRI), near total (< 10% residual metastasis on postoperative MRI as defined by only a thin enhancing rim of tumor ≤ 2 mm, with or without documentation of surgical gross residual disease), or subtotal (> 10% residual metastasis or nodular enhancement > 2 mm on postoperative MRI).
Clinical and Radiographic Follow-Up
Demographic and clinical follow-up data for all the pa- tients were extracted from the medical records and institutional cancer registry. The patients were followed with serial surveillance MRI, and all volumetric data were calculated by a radiation oncologist (D.R.R.) from 3D contours on T1-weighted postcontrast images using MIM software. The timing of surveillance MRI was heterogeneous within the overall patient population but occurred at regular intervals for each patient. As such, imaging data were pooled from peak surveillance intervals for volumetric analyses. Resection cavity location was scored according to anatomical position within the brain and with respect to the ventricular system, lobar tips (temporal, frontomedial, and lateral cerebellar), and proximity to the cerebral/cerebellar surface. Both symptomatic and radiographically discovered necroses were recorded, although all cases of adverse radiation effects were both symptomatic and had imaging findings consistent with radionecrosis. Most cases of radionecrosis were treated with long-term corticosteroids. Resection of necrotic lesions was performed in select cases when permitted by patient and operative conditions. No evidence of seed migration within CSF pathways was observed in follow-up imaging. However, the majority of patients were followed with only MRI and not CT, which enables improved identification of 125 I sources.
Statistical Analysis
All statistical analyses were performed according to lesion except for those that pertained to extracranial disease progression and OS. Multinomial logistic regression models were used to examine the relationships between outcomes of local progression or necrosis and independent variables of preoperative metastasis volume, resection cavity volume, rate of cavity remodeling, lesion histology, lesion location, treatment setting (newly diagnosed versus recurrent lesion), source activity, and extent of resection. For regression modeling of resection cavity volume and rate of remodeling, patient age, preoperative metastasis volume, implantation technique, histology, location, treatment setting, source number and activity, and extent of resection were used as independent variables. Followup, local freedom from progression (LFFP) (defined as tumor recurrence within or immediately adjacent to the brachytherapy cavity), freedom from progression (defined as tumor progression at any site), freedom from necrosis (FFN), and OS were measured from the date of resection, estimated by using the Kaplan-Meier method, and compared with the results of log-rank tests. Cavities were censored from volumetric analyses at the time of tumor progression or necrosis and censored from LFFP and FFN analyses at last follow-up or the time of local progression or necrosis, respectively. Ordinary least-squares, logistic, and linear probability regression models were used to examine dependent variables of LFFP, FFN, and OS with respect to independent variables of histology, metastasis volume, treatment setting, extent of resection, source activity, radiation dose, and treatment volume. Additional independent variables of total brain metastasis (median 1; range 1-13) and recursive partitioning analysis (RPA) class were added for OS analyses. 8 The p values were calculated from t statistics with the appropriate degrees of freedom, and p values less than 0.05 were considered statistically significant. Statistical analyses were performed by using GraphPad Prism 6 and Stata v13.
Results
Patient and disease characteristics are presented in Table 1 . The median age at the time of treatment was 59.4 years (range 29.9-81.6 years), 41% of the patients were male, and the median Karnofsky Performance Scale (KPS) score was 80 (range 50-90). The most common histology results were lung cancer (38%), melanoma (27%), and breast cancer (23%). Although the site of primary disease was controlled in the majority of cases (78%), extracranial metastases were present in 64% of the patients. Forty-seven percent of the lesions were newly diagnosed, and 53% were recurrent. In cases of recurrence, previous treatments included SRS (40%), WBRT (25%), and resection (17%). The median metastasis volume was 13.5 cm 3 (range 0.2-76 cm 3 ), and gross-total resection (GTR) was achieved in 82% of the patients ( Table 2 ). The median number of sources implanted per cavity was 28, and the median source activity was 0.73 mCi. The median brachytherapy dose over the lifetime of sources was 540 Gy at 3-mm, 263 Gy at 5-mm, and 135 Gy at 10-mm depth into brain tissue measured outward from the resection cavity edge, which corresponded to median treatment volumes of 6.8 cm cent of the patients underwent adjuvant SRS to additional lesions around the time of surgery and brachytherapy, and none of them underwent WBRT. A total of 476 brain MRIs were analyzed. All the patients underwent preoperative MRI, and 93 (98%) patients were followed with serial postoperative MRI scans (median 3 per patient; range 1-22 per patient) beginning at a median of 1 day after surgery (MRI-1). The median resection cavity volume seen on MRI-1 was 5.2 cm 3 ( Table 2 ). At medians of 1.7 (n = 32), 3.6 (n = 27), 5.9 (n = 38), 11.7 (n = 30), and 20.5 (n = 22) months after surgery and brachytherapy, resection cavity volumes decreased by 25%, 35%, 42%, 47%, and 60%, respectively, on average, relative to MRI-1 (Fig. 1A) .
Preoperative metastasis size was the strongest predictor of resection cavity volume (p < 0.001) and the rate of resection cavity remodeling (p < 0.01) by multivariate linear regression modeling; a greater reduction in volume over time was found in larger cavities ( Fig. 1B ; Supplemental Table 1 ). Advanced patient age also was associated with comparatively larger resection cavity volumes (p < 0.05), and a periventricular location was associated with a higher rate of remodeling (p < 0.01). In contrast, the rate of resection cavity remodeling was lower after GTR (p < 0.05). There was no association between lesion location and radionecrosis. Multinomial logistic regression modeling, with or without controlling for source activity or previous SRS, failed to reveal an influence of metastasis volume, cavity volume, or the rate of cavity remodeling on the likelihood of local progression or necrosis.
The median clinical follow-up time for all the patients was 8.8 months, and it was 14.4 months for those who were alive at the time of last follow-up (n = 24; range 0.023-13.6 years) ( Table 3) . Disease progression at the site of brachytherapy occurred in 10 lesions, for an overall local control rate of 90% ( Fig. 2A) . Intracranial salvage therapies at the site of brachytherapy or elsewhere included resection for 13 lesions, SRS for 8 lesions, WBRT in 3 patients, SRS and WBRT for 5 patients, and resection followed by WBRT in 1 patient. There were 64 deaths, and the median OS was 12 months. When analyzed according to interquartile range, the median OS times were 2.1, 6.8, 
FIG. 1.
Resection cavity size and remodeling after resection and permanent 125 I brachytherapy for brain metastases. A: At medians of 1.7 (n = 32), 3.6 (n = 27), 5.9 (n = 38), 11.7 (n = 30), and 20.5 (n = 22) months after brachytherapy, resection cavity volumes decreased by 25% ± 6%, 35% ± 6.8%, 42% ± 7.7%, 47% ± 9.5%, and 60% ± 11.6%, respectively, on average, relative to each patient's MRI-1, which was performed a median of 1 day after surgery. Data are displayed as means ± standard errors of the mean. Radiation dose deposition from 125 I decay as a percentage of the total dose accumulated over time (half-life = 59.4 days) is shown on the right y axis for reference. B: Metastasis volume predicts the rate of resection cavity remodeling over time according to multivariate linear regression modeling (p < 0.0001). Resection cavities were partitioned according to preoperative metastasis volume (median 13.5 cm 3 ), and data are displayed as the mean ± standard error of the mean for each group.
13.8, and 62.3 months (p < 0.0001, log-rank test) (Fig. 2B) . We were unable to identify predictive factors for either LFFP or OS according to the extent of resection, metastasis size, RPA class, 8 number of brain metastases, treatment setting, or dosimetric parameters with either log-rank tests or regression modeling. However, multivariate regression modeling revealed that the risk of radionecrosis increased with brachytherapy of recurrent lesions after SRS (25% crude risk) relative to that with newly diagnosed lesions (7% crude risk; p < 0.05) ( Table 3 ; Fig. 2C ; Supplemental Table 2 ). Excluding lesions previously treated with SRS, the risk of necrosis was no different for sources with an activity of ≤ 0.73 mCi than for those that delivered > 0.73 mCi. The median time to necrosis was 1 year (range 0.04-4.5 years). The risk of wound complications (all of which were Grade 3 or lower) was 6%.
Discussion
Therapeutic options for patients with large or recurrent brain metastases are limited. Here we evaluate the outcomes of 95 patients treated with resection and permanent 125 I brachytherapy for brain metastases at UCSF over the course of nearly 16 years, which to our knowledge represents the largest collection of patients with either newly diagnosed or recurrent brain metastases treated with this technique. Our data suggest that this approach is associated with excellent local control and might be especially valuable for metastases that are not amenable to SRS; for patients who wish to avoid the inherent neurocognitive sequelae of WBRT, as has been suggested by others 14 ; or for those who have already received WBRT or conformal brain radiotherapy. 6 In contrast to previous studies, we observed in our study a high rate of local control independent of metastasis size and an acceptably low rate of toxicity. 5, 9, 14 Notwithstanding, the rate of necrosis was significantly higher following treatment of recurrent metastases after SRS. It remains to be established if laser-interstitial thermal therapy, proton therapy, or other techniques can offer patients the same high rate of local control afforded by brachytherapy with a lower rate of radionecrosis. It also remains to be established if the efficacy or toxicity of brachytherapy for brain metastases is altered in patients receiving targeted or immunomodulatory agents. However, treatment options for patients with recurrence after SRS are especially limited, because repeat treatment has * Some patients experienced more than 1 outcome (i.e., some patients had both local and distant progression).
FIG. 2.
Clinical outcomes after resection and permanent 125 I brachytherapy for brain metastases. A: The overall LFFP by lesion was 90% (median LFFP undefined; range 0.23-13.6 months). B: The median OS (dotted line) by patient was 12 months (range 0.23-13.6 months); the median OS times were 2.1, 6.8, 13.8, and 62.3 months when analyzed by quartiles (p < 0.0001, log-rank test). C: The crude risk of radionecrosis was 14% and increased with brachytherapy of recurrent lesions after SRS relative to newly diagnosed lesions (p = 0.05, multivariate regression). nec = necrosis; Q = quartile. a lower likelihood of success than that expected for the first treatment. Thus, permanent brachytherapy may be considered for these patients with appropriate counseling concerning the risk of radionecrosis. These and all other conclusions should be considered with respect to the limitations of this study, which include a lack of generalizability, insofar as intracranial brachytherapy is available at only select centers, and the retrospective nature of patient selection.
The discovery that resection cavities from larger brain metastases undergo greater remodeling and size reduction after brachytherapy echoes findings from SRS treatment.
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In that regard, permanent 125 I brachytherapy has been criticized for the relatively long half-life of 125 I and potential for suboptimal dosimetric coverage with cavity remodeling. However, we found no association between the rate of resection cavity change and either local control or radionecrosis, which suggests that radionecrosis observed after permanent 125 I brachytherapy is likely a result of other factors. As our data demonstrate, the most likely explanation is compounded toxicity from previous treatment.
Maximum radiographic follow-up in this series exceeded clinical follow-up because a number of the patients have remained alive more than 13 years after treatment and, at the time of this writing, have continued to send MRI studies for evaluation at UCSF from afar. As has been reported by other investigators, these cases illustrate that resection and permanent 125 I brachytherapy for brain metastases can be used to achieve long-term survival in select patients. 4, 14, 18 In our series, 22% of the patients survived beyond 2 years after treatment. However, predictive factors for survival that might be used to guide therapeutic decisions relating to permanent brain brachytherapy remain elusive. We detected no differences in survival for newly diagnosed versus recurrent lesions, as has been suggested by previous reports. 9, 11 We also were unable to identify associations between survival and extent of resection, metastasis size, RPA class, dosimetric parameters, or the number of brain metastases. However, we did detect an association between necrosis and improved OS that is likely a product of survivor bias, insofar as patients who live longer accrue a greater cumulative risk of radionecrosis. In support of this hypothesis, reverse causality was also identified between local progression and OS in that brachytherapy was more likely to fail the longer the patients lived. Thus, as suggested by the high rate of distant disease progression observed in this study, extracranial metastases remain the primary barrier to long-term survival for patients who might otherwise benefit from aggressive local therapies for the treatment of brain metastases. 15, 16 The high rate of overall local control and relatively large metastasis size in our series is notable considering the poor efficacy of other available interventions. Prospective randomized trials have demonstrated that local control is approximately 63% for resection alone, 73% for SRS alone, 86% for resection and WBRT, and 82%-89% for SRS and WBRT. 1, 2, 12, 13 It is important to note that many of these studies imposed stringent criteria on lesion size for patient enrollment. In contrast, we observed 90% local control in the context of brain metastases that measured up to 76 cm 3 . Also, in contrast to SRS, we identified no association between the risk of necrosis and treatment volume. 20 In summary, our data suggest that permanent 125 I brachytherapy indeed might be preferable for adjuvant treatment of large brain metastases.
The risk of wound complications associated with resection and permanent 125 I brachytherapy for brain metastases is significantly lower than that observed for other intracranial purposes, such as recurrent atypical and anaplastic meningioma. 21 Some of the risk associated with 125 I brachytherapy for meningioma might result from tumor invasion of cranial bone, close proximity of radioactive sources to craniotomy sites, or complications related to previous surgery and/or radiation. We did not observe a significant number of wound complications despite the abundance of brain metastases immediately adjacent to the cerebral or cerebellar surface. This finding suggests that rapid dose fall-off from brachytherapy sources according to the inverse-square law is sufficient to prevent the majority of wound complications in patients with brain metastasis treated with permanent 125 I sources, as has been demonstrated by other studies. 15, 18, 19 Our surgeons are aware of this problem and use pedicle-based pericranial flaps when local dura or skin conditions suggest impaired healing.
Conclusions
Resection and radiation therapy can be used to achieve a high rate of local control for brain metastases, and together, they seem to be an excellent option for large tumors for which SRS is unsuitable. Treatment of lesions that recur after SRS is associated with a greater risk of radionecrosis. Resection cavity volume and remodeling vary directly with metastasis size, but none of these factors impact local control or the rate of necrosis.
